We report on the production of a 41 K-87 Rb dual-species Bose-Einstein condensate in a hybrid trap, consisting of a magnetic quadrupole and an optical dipole potential. After loading both atomic species in the trap, we cool down 87 Rb first by magnetic and then by optical evaporation, while 41 K is sympathetically cooled by elastic collisions with 87 Rb. We eventually produce two-component condensates with more than 10 5 atoms and tunable species population imbalance. We observe the immiscibility of the quantum mixture by measuring the density profile of each species after releasing them from the trap.
I. INTRODUCTION
Multi-component quantum gases are ideal platforms to study fundamental phenomena arising from the mutual interaction between different constituents. These effects occur in many physical systems ranging from superfluid helium mixtures to multicomponent superconductors and neutron matter [1] [2] [3] . Since the first experimental observations of a Bose-Einstein condensate (BEC) in dilute gases [4] [5] [6] , many efforts have been dedicated to the realization of degenerate atomic mixtures using different hyperfine states of single atomic species [7] [8] [9] , different isotopes [10] [11] [12] [13] [14] [15] [16] [17] [18] or different elements [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Bose-Bose, Bose-Fermi and Fermi-Fermi mixtures are now produced in many laboratories worldwide and they are currently explored as benchmarks for addressing complex problems in many-body physics including collective [9, 18] and topological excitations [35] [36] [37] , phase separation [13, 26, 38] , magnetism [39] [40] [41] , polarons [42, 43] , quantum droplets [44, 45] , spin superfluidity [41, 46] and spin supercurrents [47, 48] . Ultracold quantum mixtures have also been exploited to produce ground-state polar molecules [49] [50] [51] [52] [53] . Thus, the development of effective techniques to produce large and deeply degenerate two-component quantum gases deserves special attention.
In this paper, we present a simple and efficient route to prepare a 41 K-87 Rb dual-species BEC in a hybrid trap. This specific Bose-Bose mixture is experimentally appealing because accessible heteronuclear Feshbach resonances in its ground state enable the control of the interspecies interactions [24] . In early experiments, degeneracy was reached by evaporative cooling of 87 Rb with microwave (µw) radiation, and sympathetic cooling of 41 K [19, 24, 54] . Thanks to the large interspecies collision rate, two-component BECs have been produced in both magnetic [19] and optical potentials [24] . Generally, optical or hybrid traps are preferred to purely magnetic ones, due to their higher flexibility. Our strategy uses stateof-the-art cooling techniques and, at the same time, brings together the advantages of both magnetic quadrupoles and * derrico@lens.unifi.it optical traps [55] . This enables the production of large superfluid mixtures of 41 K-87 Rb in a simple and reliable setup, with a large optical access. We start by loading both atomic species, prepared in the |F = 2, m F = 2 state, in a magnetic quadrupole.
87 Rb is cooled by driving the µw transition to the ground hyperfine state, while 41 K is cooled by thermal contact with 87 Rb. The atoms are then loaded into a crossed optical dipole trap (ODT) through an intermediate cooling stage in a hybrid potential. The latter is given by the magnetic quadrupole plus a "dimple" beam, whose focus is shifted from the zero of the quadrupole to minimize the Majorana spin-losses [55] . The final step is a pure optical evaporation in the ODT, created by crossing the "dimple" with an auxiliary beam. Within an experimental cycle of less than 20 s, we produce stable dual-species BECs with more than 10 5 atoms and tunable species population imbalance. This result represents a convenient starting point for future studies on mass-imbalanced superfluid mixtures with tunable interactions which are expected to exhibit exotic phenomena such as the formation of unusual vortex structures [56, 57] , self-bound states [58] and non-dissipative drag effects [1, [59] [60] [61] [62] .
The article is organized as follows. In Section II, we briefly describe our setup. In Section III, we report the cooling of the atomic mixture in the hybrid trap. In Section IV, we experimentally investigate the lifetime of both species during the µw evaporation. In Section V, we detail the creation of the dual-species condensate, we observe its immiscibility and compare our experimental results with the prediction of the mean field theory. Finally, in Section VI we draw the conclusion.
II. EXPERIMENT
The core of the experimental setup is schematically shown in Fig. 1 . It consists of two main parts: the two-dimensional magneto-optical trap (2D-MOT) chamber, where we produce a cold atomic beam of both 41 K and 87 Rb, and the three-dimensional magneto-optical trap (3D-MOT) "science" chamber, where we produce the dual-species condensate. These two parts are connected through a differential pump- • with the "dimple" beam in the xy plane and is inclined at an angle of 16
• with respect to that plane.
ing section providing a low conductance between them. The background vapor pressure in the 2D-MOT chamber is ∼ 10 −8 mbar, while in the 3D-MOT chamber is ∼ 10 −11 mbar. The 2D-MOT is loaded by a thermal vapor of K and Rb released in natural abundance by two metallic reservoirs (not shown in Fig. 1 ). Once transversely cooled by the 2D-MOT, the atoms are pushed towards the "science" chamber by resonant push beams. Here, they are captured by a standard 3D-MOT, consisting of six independent beams (shown in orange in Fig. 1) . We approximately load 2 × 10 7 (5 × 10 9 ) atoms/s of 41 K ( 87 Rb ). To control the number of atoms in the MOT, we stabilize the MOT fluorescence signal by actively adjusting the push beams intensity level. After a compressed-MOT and a molasses phases, both atomic species are pumped in the |2, 2 low-field seeking state and are magnetically captured in a quadrupole magnetic field, generated by the same coils used for the 3D-MOT. These coils are placed along the verticalẑ axis within reentrant viewports, above and below the science chamber. The quadrupole axial gradient is raised to the value b z = 37 G/cm (see Fig. 2 ), sufficiently high to hold the heavier 87 Rb atoms against gravity, and then is ramped to its maximum value b z = 155 G/cm, together with two offresonant laser beams at a wavelength of 1064 nm (shown in red in Fig 1) . The "dimple" beam, directed along theŷ axis, has a power of 2.8 W and waists w x and w z of 115 µm and 75 µm, respectively. The weaker "crossed" beam, with a waist of 70 µm, has a power of 110 mW. The latter beam crosses the "dimple" beam at an angle of 67.5
• in the horizontal xy plane and is inclined at an angle of 16
• with respect to the same plane (see Fig. 1 ). These two red-detuned focused beams intersect at the center of the quadrupole magnetic field. 
Upper panel: temporal sequence of the evaporative/sympathetic cooling leading to dual-species BEC. Lower panel: hybrid trap potential, along theẑ axis, for 41 K (blue solid line) and 87 Rb (red dashed line), corresponding to different times. At tA the position of the zero magnetic field is vertically shifted to avoid Majorana spin-flips, at tB the optical evaporation starts and at the end of the evaporation, tC, only a weak optical trap remains, with a vertical gravitational sag of ∼ 14 µm between the two species.
III. EVAPORATIVE AND SYMPATHETIC COOLING
We load in the compressed quadrupole about 3 × 10 7 atoms of 41 K at 1 mK, and 4 × 10 9 atoms of 87 Rb at 300 µK. To further decrease the temperature, 87 Rb is cooled first by magnetic and then by optical evaporation (see Fig. 2 ), while 41 K is sympathetically cooled via elastic collisions with 87 Rb. The magnetic evaporation is performed by means of a selective µw radiation around 6.8 GHz driving the 87 Rb hyperfine transition |2, 2 → |1, 1 ; in 4.5 s the energy cut is linearly ramped from 1.9 to 0.17 mK. At this point, the Majorana losses become significant, thus the magnetic field gradient is decompressed down to b z = 25 G/cm in 0.5 s and the µw radiation is switched off. Then, we add a magnetic bias field to shift the zero of the quadrupole above the center of the dipole trap by 0.1 mm (t A in Fig. 2 ). The evaporation is continued by lowering b z to zero in 9 s and by reducing the intensity of the "dimple" beam from 2.8 W to 0.53 W in 5 s, while the "crossed" beam remains at full power, as shown in Fig. 2 .
In Fig. 3 we show the number of atoms (upper panel) and the phase space density (lower panel) of both 41 K (blue filled triangles) and 87 Rb (red filled circles) as a function of the temperature T , measured during the cooling ramp. The red region corresponds to the magnetic evaporation (from the switchingon of the µw power to t B in Fig. 2 ), while the light blue region corresponds to the optical evaporation (from t B to t C in Fig. 2) . In both regions, the 87 Rb atom number is reduced by about two orders of magnitude. For comparison, we also report the atom number and the phase space density measured by loading only 87 Rb into the hybrid trap (red empty circles). No appreciable differences are observed in the 87 Rb evaporation trajectory, with or without 41 K, at least above 300 nK, proving that the thermal load, due to 41 K, is too small to affect the evaporation efficiency of 87 Rb. The 41 K atom number is, in fact, from two to one order of magnitude lower than 87 Rb except at the end of evaporation when they become comparable.
Even if the µw radiation selectively removes only 87 Rb atoms, we observe significant losses of the 41 K population, which decreases by more than one order of magnitude during the magnetic evaporation. In the next section, we will focus on this specific issue, inferring that the 41 K lifetime in the compressed quadrupole is limited by a residual fraction of 87 Rb atoms in the |2, 1 state, as already noted in Refs. [19, 30, 63] . Here, we just point out that, in previous experiments, such losses were severe enough to prevent dual-species condensation unless the 87 Rb |2, 1 atoms were continuously removed from the trap. However, standard "cleaning" strategies, based on the addition of a second µw radiation to eliminate the undesired 87 Rb population [19, 22, 30, 64, 65] , are not viable in our case, due to the zero minimum of the quadrupole field. Despite this drawback, we find that the efficiency of the hybrid trap still assures the production of large dual-species condensates.
When the optical evaporation starts, we typically have 5 × 10 5 atoms of 41 K and 2 × 10 7 atoms of 87 Rb at a temperature of a few µK. Due to the larger mass, the trap is shallower for 87 Rb than for 41 K, thus, the optical evaporation mainly removes 87 Rb atoms and sympathetically cools 41 K, as confirmed by the almost horizontal slope of the 41 K cooling trajectory (see Fig. 3 (a) ). At this stage of evaporation, the efficiency of sympathetic cooling is sustained by the large interspecies scattering length a 12 = 163a 0 [66] . At the end, when the temperature is below ∼ 300 nK, the trap becomes shallow enough to evaporate 41 K too. We observe that, in order to produce almost pure dual-species condensates, the auxiliary "crossed" beam is necessary to maintain a sufficient spatial overlap between the two atomic clouds. Otherwise, the 41 K sample is only partially condensed. Differently, in the absence of 41 K, we can produce pure 87 Rb condensates using only the "dimple" beam to confine the gas.
IV. INELASTIC COLLISIONS IN THE MAGNETIC TRAP
In this section, we investigate the causes underlying the 41 K losses observed during the magnetic evaporation. To this end, we measure the lifetime of both atomic species in the compressed quadrupole. We halt the evaporation at intermediate times, by switching off the µw power, and hereafter we measure the number of atoms decaying in time. Fig. 4 reports the lifetimes τ K and τ Rb as a function of the temperature T , which decreases during the evaporation. First, we explore the possibility that the observed lifetimes are due to nonadiabatic transitions towards magnetically untrapped states, namely Majorana spin-flips. In a quadrupole trap, the Majorana loss rate is given by Γ m = χ( /M )(µb z /k B T ) 2 , with the reduced Planck constant, M the atomic mass, µ the atomic magnetic moment and k B the Boltzmann constant [67] . The dimensionless factor χ can be directly evaluated from the data and it has been found to be 0.16 for Rb [68] , and 0.14 for Na [69] . Thus, we compare the measured lifetimes with the expected trend. We first fit τ Rb with the function τ fit = (Γ bg + Γ m ) −1 , taking also into account the one-body loss rate Γ bg due to collisions with the background gas. Here, Γ bg and χ are fitting parameters. We find that the values of τ Rb are qualitatively reproduced by τ fit , with χ = 0.21 (5), consistent with Ref. [68] , and Γ bg = 0.016(1) s −1 . Now, assuming the same values extracted from the 87 Rb data, the Majorana loss rate for 41 K atoms should increase by a factor M Rb /M K for each value of T . Nevertheless, as shown in Fig. 4 , this gives an overestimation of τ K . It follows that background collisions and Majorana spin-flips are not the only mechanisms involved.
As already mentioned in the previous section, an additional source of the observed 41 K losses is the presence of a residual fraction of 87 Rb |2, 1 atoms, which can drive, via fast spin-exchange collisions, 41 K |2, 2 atoms into the magnetically untrapped |1, 1 state. We calculate this inelastic collision rate, using the predictive model developed in Ref. [70] . In the range of temperatures here explored, we find that it varies from 5 × 10 −11 to 1.9 × 10 −10 cm 3 /s, as shown in Fig. 5 . We confirm the presence of 87 Rb |2, 1 atoms by measuring the 87 Rb spin composition via Stern-Gerlach separation induced by a magnetic field gradient, during time-of-flight (TOF) expansion. This is feasible only at temperatures below 50 µK, which are reached at the end of the µw evaporation. We find that approximately 10% of the 87 Rb atoms are in the |2, 1 state. At this cooling stage, using the calculated collision rate and the measured 41 K |2, 2 and 87 Rb |2, 1 atom numbers, we estimate a τ K of about a half second, in agreement with the experiment.
Although the initial magnetic field gradient is unable to sustain 87 Rb atoms in |2, 1 , this state can be continuously populated, during the magnetic evaporation, by several mechanisms such as: (i) Majorana spin-flips |2, 2 → |2, 1 ; (ii) dipolar collisions |2, 2 + |2, 2 → |2, 1 + |2, 2 [71] ; (iii) µw photons, absorbed by the evaporated |1, 1 atoms while leaving the trap and reaching regions of higher magnetic field [72] . Actually, we cannot single out one dominant effect as they appear to be of the same order of magnitude: each of them can produce enough 87 Rb |2, 1 atoms to cause severe losses in 41 K. A deeper understanding of the processes causing the transfer of Rb atoms in the |2, 1 state will deserve further investigations which are beyond the scope of this work.
V. DUAL-SPECIES BOSE-EINSTEIN CONDENSATE
Once that the atomic mixture has been transferred into the ODT, the degenerate regime is reached by lowering the trap depth. In Fig. 6 we show the density profiles of 41 K and 87 Rb at different stages of the optical evaporation across the BEC phase transition. The images of both atomic clouds are taken by absorption imaging in the xz plane, after switching off the two trapping beams. We observe that the condensation is reached first for 87 Rb and then for 41 K. In fact, even if the estimated 41 K trap frequencies are about a factor 1.4 larger than the 87 Rb ones, the 87 Rb atom number exceeds 41 K by more than one order of magnitude at the condensation threshold. At the end of evaporation, when no thermal component is discernible anymore, we have N As shown in Fig. 7 , the population imbalance of the doublespecies BEC can be tuned, by changing the ratio of 41 K and 87 Rb atoms initially loaded in the magnetic quadrupole. As a natural consequence of sympathetic cooling, we observe that the number of condensed atoms N Fig. 7) .
In Fig. 8 we directly compare the TOF absorption images of single and dual-species condensates. We find that, in the latter case, the density distribution of each species is affected by the presence of the other. In particular, the lower part of 41 K and the upper part of 87 Rb repeals each other, and their vertical separation increases by a few tens of µm with respect to the positions of the single-species BECs. This behavior indicates a strong repulsive interspecies interaction. Within the Thomas-Fermi approximation, the ground-state of two interacting BECs can be described in terms of the coupling constants [74] :
2 aij Mij , with M ij = MiMj (Mi+Mj ) (i, j = 1, 2). Here, a ii and M ii are the intraspecies scattering length and the atomic mass of the i species, while a ij and M ij are the interspecies scattering length and the reduced mass. For our quantum mixture, we have: a 11 = 65a 0 , a 22 = 99a 0 and a 12 = 163a 0 [66] , where a 0 is the Bohr radius and 41 K ( 87 Rb) is labeled as species 1 (2) . Thus, since the relation g 12 > √ g 11 g 22 is fulfilled, we expect that the two components are phase-separated. However, due to the gravitational sag, the in-trap Thomas-Fermi density distributions hardly over- lap. This suggests, as already observed in [30, 38] , that the repulsion effect arises during the TOF expansion, once the two clouds start to overlap. We verify this hypothesis by numerically solving a system of two coupled Gross-Pitaevskii equations, which describe the two-component BEC expanding from the trap [75] . We perform the simulation using the same experimental parameters corresponding to the dualspecies BEC in Fig. 8 . We find good agreement between experiment and theory: not only the density distribution of the two BECs but also the shift of their centers of mass are well reproduced, confirming our expectation. In the future, we will explore the miscible phase diagram in the lowest hyperfine states where convenient Feshbach resonances allow for fine tuning of a 12 .
VI. CONCLUSIONS
We have demonstrated fast and efficient production of 41 K-87 Rb dual-species condensates in a hybrid trap. The method is based on evaporative/sympathetic cooling in magnetic quadrupole and optical potentials. The magnetic quadrupole allows the loading of large atomic samples, while the optical trap provides fast evaporation and thermalization of the atomic mixture, approaching the degenerate regime. Even though we observe severe losses of 41 K atoms from the magnetic quadrupole, due to inelastic collisions, we end with the production of large, deeply degenerate two-component condensates. This technique can be easily extended to other experiments with ultracold mixtures. We point out that our scheme also allows for significant optical access. This provides the possibility to further manipulate the atomic sample by means of engineered optical potentials for future studies on interacting multi-component quantum fluids.
